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1. INTRODUCTION

The National Defense Authorization Act for FY 1987' requires that all major weapon systems
undergo live-fire testing (LFT) prior to entering full-scale production. The intent is to establish the
baseline for either system response to expected threats (vulnerability) or the effectiveness of an offensive
weapon against a particular class of targets (lethality). Planning for the Abrams Live-Fire program
began late in 1985 and culminated in a series of 48 firings in the period between July 1987 and July
1988.

The Abrams LFT Program was preceded by testing of a number of other systems including the
M113 Personnel Carrier and the Bradley Fighting Vehicle (M2/3). As such, considerable experience
had been gained both in testing procedures and pre- and post-shot modeling practice. It had become
clear to vulnerability workers at the BRL that the extant vulnerability tools were inadequate to
describe vehicle damage in a manner consistent with the field-assessment process. To remedy this
shortcoming, the BRL/VLD developed a new stochastic point-burst vulnerability code called SQuASH
(Stochastic Quantitative Analysis of System Hierarchies), 2' 3 in which the following parameters are
varied in a Monte Carlo replication of warhead/target encounters: 11 slight variability in hit location,
2] warhead depth-of-penetration, 3] deflection of residual penetrator, 41 spall generation, and 5]
individual component-kill assessment.

SQuASH was used to predict 48 shots in the Abrams LF program. Both subjective and statistical
tests have been performed in an effort to compare field observations with computer predictions. These
comparisons have been made both for component damage as well as Mobility-, Firepower- and
Catastrophic-Kill criteria and will be summarized below.

Just as with prior point-burst models and LFT assessments, substantial subjectivity exists in four
areas: a] the identification of system-critical components, b] the binning of partially functioning (post-
shot) components into kill/no-kill categories, cl the characterization of component interconnectivity via
the fault tree synthesis and di the Damage Assessment List (DAL) mapping process (by which M- and
F-Kill values are inferred). In order for comparability to exist between field tests and computer
simulations, LFT observations must be assessed within the same analytical paradigms of a] through d].

In Reference 3 much of the background of LFT was described and many of the algorithmic details
of the SQuASH model were presented. Familiarity with that work may aid in the understanding of
these results. In the present paper extensive elucidations of the operational aspects of SQuASH
including the means of predicting damage are eschewed; rather, a detailed bottom-up description is
given of the vulnerability assessment process. This process begins with the characterization of
individual component damage, moves through a system of detailed fault-tree analyses, and finally to
the Mobility and Firepower Loss-of-Function (LoF) calculations.

As each step in the process is described, the necessary similitude between model representation and
actual field assessment will be emphasized. SQuASH outputs include a series of statistical estimates of
warhead penetration performance, individual component probability-of-kill (PK) and component
damage-state vectors. Various statistical tests have been applied to the field data vis-a-vis che model
statistics. We will describe the tests and state our current conclusions concerning them.

1. Live Fire Testing, National Defense Authorization Act for FY 1987. contained in Chapter 139, Section 2366 of Title 10,
United States Code.

2. A. Ozolins, Stochastic ligh-Resolution Vulnerability 5imulation for Live-Fire Programs, The Proceedings or the Tenth
Annual Symposium on Survivability and Vulnerability of the American Defense Preparedness Association, held
at the Naval Ocean Systems Center, San Diego, CA, May 10-12, 1988.

3. Paul H. Deitz and Aivars Ozolins, Computer Simulationp of the Abrams Live-Fire Field Testing. Proceedings or the XXVI]
Annual Meeting of the Army Operations Research Symposium, 12-13 October, 1988, Ft. Lce, VA also Ballistic
Research Laboratory Memorandum Report BRL-MR-3755, May 1989.



2. COMPONENT DYSFUNCTION

Consider an Armored Fighting Vehicle (AFV) component characterized by a Loss-of-Function (LoF

on the interval (0.0,1.0) where:
0.0 < LoF < 1.0

Zero (0.0) LoF means a component is operating at normal design (pIe-shot) specifications. Complete

(1.0) LoF means there is no component capability. The notion of a (one-diminsional) LoF is quite

natural for describing a component with a single functional characterization such as a pump or electric

generator: here the ability to pump fluid or induce current flow can be described on a (single)

normalized interval. After being struck by one or more fragments, some classes of components might

be operational in a partially functioning state: in the case of a pump. maybe it can supply fluid at half

the normal rate so that its LoF would take the value 0.5. For this class of components, the LoF may
reflect any value in the interval.

Most classes of components exhibit LoFs which are Bernoulli in nature; that is. they either operate
fully or not at all. An exampie of such a component might be a portion of a fire-control system with

optical elements. Such a component might be able to absorb fragments up to certain mass velocity
combination and suffer no damage until a certain threshold is reached. Then an optical element breaks

and the component utterly fails. Such a component would then have only two possible states: 0.0 and
1.0.

We also note that in the case of complex components which must perform multiple functions, the

use of a one-dimensional LoF characterization can represent an unrealistic simplification. Such a
situation occurs in the description of personnel vulnerability to striking fragments. For people, the
term LoF is exchanged for Level of Incapacitation (LoI), 4 but the notion is similar. And in such a ca-se,
various combinations of limb, torso and head trauma might possibly map to the same Lol and yvet

reflect entirely different operational capability (e.g. ability to view a battlefield and passively direct fire

over a radio vice maneuver a vehicle slowly through the use of hand-controls only). Thus the first step
in the critical problem of characterizing the potential loss of components is to relate various threat
conditions (fragments masses velocities, blast levels, etc.) to (normalized) LoFs.

However for vulnerability analyses such as SQuASH. component characterization must be Bernoulli
in nature, i.e. functional/non-functional. Thus in a conceptual sense, a minimum performance
threshold for each component must be applied against a LoF following interaction with a threat. If the

LoF is sufficiently small that, this threshold is at most equaled. the component is considered fully
functioning (or alive). If not, it is considered killed.

Thib process thus yields a crisp binary decision process for each component and can be characterized
by a single-pole, single-throw (SPST) electrical switch (either closed alivel or open nonfunctional') as

in Fig. 1. This concept of the behavior of individual components becomes the basis upon N hich the
analyses of the functionality of systems and sub-systems of the vehicle are based and ultimately the

notions of Firepower and \tobility Kills.

To summarize, component dysfunction can be characterized by the following steps:

1, Let a defined threat (fragment, bla.st way, etc.) interact with a given compone.nt

2. Characterize any reduction in compcnent ca)ability on a normalized interval as a Loss-of-Function.

3. Bin the (po.ssibly continuous) Lol into crisp IKill No-l\'ill hittar\ state-

All point-hurst codes acconiphsh such charactcrization ihrough the notion of '-otmpontent cotnditional

4 \\iI .am }okJI:khi in I Jo'-jIh 5p-rrazza. (ritt'ira for Iw,'apaiati i.q S.oldi r." u'with b-ir , h', id l ,h tt.. I4 i B:Ill-te
Research Laboratory Report #12t0. January 195i5
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Closed Switch -- Live Component Open Switch - Killed Component

Figure 1. All components of an Armored Fighting Vehicle (AFV) start in a working state
indicated here as a closed single-pole, single throw (SPST) switch. After interaction with a
threat, if the functionality of the component is insufficient to support a minimal
capability, the component is considered killed and the switch is opened.

kill probability or component Probability of Kill, given a Hit (P1.. ). Whether such a process uses
fragment mass 'velocity, shape-factor/orientation or the notion o 'ethality ' , the component PK/H
analysis effectively concatenates all three steps into one.

- CA VEA TS RE: COMPONENT D YSFUNCTION -

" Components with complex or multimodal capability may not be well described by a one-
dimensional !,oss-of-Function.

" The LoF interval may be continuous or discrete.

" The threshold for minimal component operation (to be considered non-killed) is likely to be a
function of a specific mission requirement. Thus a component with a fractional LoF might be
"alive" in one scenario while "killed" for another.

3. SINGLE-SYSTEM FAULT TREE

The analytical determination of whether a particular system (or sub-system) is functional starts
with connecting all of its components together in the form of a series/parallel circuit. These circuits
are normally called faidt trees and an example is given in Fig. 2. Before a shot occurs, all switchs are
closed (fully operational). After a live-fire shot, some components may have lost enough capability to
be defined as killed (switch open). Three components are killed in this example. The bold line shows
the (single) functional path through this system, so this system is considered fully functional.

- C(A VEATS RE: FAULT- TREE DEVELOPMENT -
Note well, this process gives rise to a number possible sources of subjectivity both in the analysis and in
the field assessment: for example:

" What constitutes a switch (i.e. component)?

The subjectivity here has two parts; how is the component defined, and is the component critical to
system effectiveness? Only the criticai components define the circuit.

" What constitutes a proper subsystem definition?

Clearly considerable subjectivity enters into this decision process as well.

4. CRITICALITY ANALYSIS FOR AN AFV

A complete rriticality analysis of an AFV consists of the determination of 1. which components. if
lost. miyht result in a reduction of system mobility or firepower capability and 2' the structming of

s- e. lerenee V1 S,t on VI . or a isoussiorn of the PMs used in the SQuASH model



Figure 2. An example of a fault tree used in vulnerability analysis. Parallel components
exhibit redundancy; series components do not. An overall system is either fully functional
- at least one unbroken path exists from top to bottom, or is killed - no unbroken path
exists.

those "critical" components into fault trees as described above. In the case of the Abrams tank, the
criticality analysis5 resulted in the generation of 76 individual fault trees built from approximately 750
critical components.

- CA VEA TS RE: CRITICALITY A4NAL YSIS -
The issues here are:

" What sub-set of AFV components should be classified as critical?

" What n fault trees constitute a proper representation of the AFV?

In addition to the unavoidable subjectivities connected with this process it is further critical that both
the live-fire field-assessment process and the live-fire modeling process use the identical fault-tree
framework. Otherwise there is no comparability between the two processes and thus no basis for
comparing field and predicted results.

5. J. J. Ploskonka. T. N1. Mu.hl. C. J. Div-]y. Criticalay Analyeii of the tIAI Tanik. Ballistic Re'earch Laboratory
Memorandum Report BRL-MR-3071. Juno 1988.



5. VULNERABILITY MODELING & LIVE-FIRE TESTING

The analytical estimation of vehicle - ulnerability and the assessment of a live-fire test are both
characterized by a two-step process:

* STEP 1: Fire a warhead against the target and observe which switches are thrown open by the
event.

At this stagc, we first predict (or observe) whether the munition breached the armor (perforation) and
with what residual energy: then examine the effect- of that residual energy on individual components:
compile the resultant state of all of the critical components: and decide whether the vehic!e suffered
total irreparable damage (catastrophic failure or K-kill).

* STEP 2: Take the switch states together with the fault-tree logic and process this information in a
precisely consistent (but possibly subjective) fashion :o infer one or more Measures-of-Effectiveness
(\IoEs).

For armored fighting vehicles, the \oE' are characteri'ed in terms of loss of the vehicle primary
functions: Mobility (N% Lof'), Firepower (F LoF), and the greater of the two, Mobility Firepower (\I 'F
LoF).

-CA 1 EAT: MODEL IS. FIELD DATA -

e If both the field and modeling processes differ in the precise processing phases of STEPS I & 2.
then comparability is lost.

5.1 Observations re: STEP 1:

If there are n switches (critical components) represented in the criticality process, then there exist 2n

possible unique switch (damage) states. However. LF damage is typically constrained to localized
regions of an AFV. Thus. for a single shot, only a subset of all critical components are candidates for
damage. This reduces significantly the potential number, but from the results of the current model,
our simulations typically reveal z 10 distinct component damage states for a given shot.

If the criticality analysis and/or component (binary) kill assessments are inconsistent between the
modeling process and live-fire field assessments, then there is no basis for comparability between the
test results and model predictions.

5.2 Observations re: STEP 2:

The process of Step 2 currently involves the Damage Assessment List (DAL). 3 The DAL contains a
listing of some 150 major components/AFV systems. If a single major component or system is
nonfunctional following a shot. then the M- and F-LoF values are given directly by the DAL. If two or
more maj r components/'systems are nonfunctional. LoF values for each are extracted via the DAL and
survived T to get single 'I- and F-LoF values. Typically the 'I- and F-LoF values resulting from
STEP 2-processing are binned into twenty intervals. Since the damage state dimensionality resulting
from STEP 1 is 10 6 . agreement between predicted and field-derived LoFs. even if processed by the
same methods, does not imply validation or even support calibration.

STEP I and STEP 2 ,'an be related idpntically' to the nmapiing praesss shown in Fig. 2. Ref .3. STEP I her, is the
napping process from Ss,a, 1' to S[,ace 2K. STEP 2 here is th mapping pro,'ess from Spae 2' to Srace 4,.

i The Surrivor Rule states that the overall LoF of an AFV consisting of n independent systems eact with its own LOF. is given
by

Lo = 1- i-1,oF×'l - IoF..x-.- I -loF

• • m l I I n]



6. EXAMPLES OF SQuASH OUTPUT

Figure 3 gives a view of the computer model3 of the MIAI looking at the front-left of tile vehicle.
For this display the armor and main armament have been removed to reveal some of the interior
details of the computer description. This modeling effort has produced one of tile largest target-
de-cription files ever assembled, consisting of over 5000 objects. In addition to this high level of
geometric modeling required for the Abrams Live-Fire Program, the -tochastic nature of the
calculations leads to a complex set of outputs which can best, be displayed in the fornm of summarizing
tables and histograms. The samples of these outputs, given in the APPENDIX.' exemplify this
complexity. Briefly, they show:

" A histogram of' residual armor penetration for 1000 computer replications of a warhead armor
encounter.

" The SQUASH prediction for all critical components killed on at least one of the 1000 replications.

" Listings of component-damage states for several important classes of critical components. They are
ranked according to expected frequency of occurrence.

" Distributions of Mobility. Firepower. and Mobility/Firepower LoF, plus probability of Catastrophic
Kill (K-Kill).

7. COMPARISONS: ABRAMS TESTS/SQuASH PREDICTIONS

In the following sections we discuss comparisons between these predictions and the results of the
Abrams Live-Fire Tests.6 In order to keep these discussions unclassified, various detail will necessarily
be omitted.

7.1 Perforation

Does the attacking munition succeed in perforating the armor of the vehicle? The answer to this
question becomes a first-level input to an estimate of the vulnerability of a tank. Of the 48 shots fired.
in 25 tests (52%c) the perforation results were predicted exactly by SQuASH; that is for each encounter
either all 1000 re;,lications predicted penetration and penetration was observed in the test or none of
the 1000 simulations predicted penetration and the field test did not result in penetration. In 43 (90'0)
of the shots fired, the field outcome occurred in consonance with the larger percentage of computer
predictions. Three of tile shots were predicted by SQuASH. however, not as the most likely outcome
having probabilities of occurrence of 0.36. 0.34, and 0.23. Only two (4%) of the shots were not
predicted by SQuASH. One shot gave a result not predicted because the round happened to pass
through a component that, was not modeled in the computer target description. SQuASH failed to
predict the perforation outcome of the other shot, due to incomplete information about the
performance of that munition.

When input, data is adequate, the model seems to predict warhead/armor penetration well.

7.2 Catastrophic Kill

To produce a Catastrophic Kill (K IKill), the munition must cause damage that is irreparable on the
battlefield and renders the vehicle completely incapable of carrying out its mission. In every case
SQuASH predicted as the most likely outcome the K-Kill result observed in the field. SQuASIH also
reminded us that for certain shots the complementary outcome might hare occurred if the field sample
size had been larger.

4 These figures and tal1s wpre taken from Rpr. 3.
6 C..I Dively S. L. HenrY. . 1. u,'king, .1. It. Smith. W. E. Baker, D. W. Webb and P. 11 P07. Abranm Lir-Firf T,'t

Pro.gram: Compal-i.on. lhfo,n SQu.I4SI! Prtditiv)., and Fild Out,'ourt. 11'J. Ballistic lh-'u;irch 1,nuoratorv Speciil
Publication. BRL-SP-81. Septemler 1980, SECRET.

6



Figure 3. View of the MLA1 produced by the computer description. The armor and main
gun have been removed to reveal the level of interior detail. This description contains
some 5000 objects of which approximately 750 are critical components.



7.3 Component Kill Assessment

As discussed in the Component Dysfunctioni Sect ion. all component out come, are characterized as
Bernoulli trials, i.e. functional 'nonfunct ionali. For each field shot (vach \'et or element ). a1 froha bil itv
of killing the given component is comnput ed equal to the meanl of 1000 S'n AS! MoNllu t e-( *a H~O
replications. Using these -18 probabilities. andf assuling st at istical ind(ependeince of t lie field re'~ufts. atn
empirical distribution of the vector is obt a ined by coin1)1!ug al I foi )e on t omnes Thle Ordering of
Probabilities (OP) Test' is used to determnine thle f)-valute withlin tihat Iist ri bit ou. The p-va liie reflect,
the probability of real iz jug the observed liv c-tire v-ector or nn ' y veotor les l i kciy than t he one observed.
A p-value of less, than 0 05 iiicateCs that hel( tield outcome r''-itlited in a r~are vector anid cause-
rejection of the hypot hes that the miodel out put is consistenct with thle field dat a.

7.3.1 Initial Individual Component Assessment: Due to the( time constraints' for anly.zing the
Live-Fire data, only twenty-six of the components have been analyzed to date for consistency with the
model predictions. These components were chosen based upon their relative importance to vePhicle
Loss-of-Function. Table I gives a listing by system of thle components examined.

Table 1. Components Evaluated and Grouped by System

Components Evaluated

Group 1 - Other Group 4 - Armament
receiver- trans mit ter comnmander's control panel
intercom amplifier guniner's primary sight

gunner's auxiliary sight
Group 2 - Crew commander's gps ext.
commander hydraulic reservoir
gunner main hydraulic pump
loader race ring
driver slip ring

main gun
Group 3 - Electrical ammo
turret networks box
hull distribution box Group 5 - Propulsion
bull networks box driver's master panel

alternator
power turbine
air cleaner

electronic control unit
transmission, mlain body
fuli

These 26 components over the 48 tests produce 1218 comparisons between the( model predictions
and the field re'.ult s. Of these. 960 (781(-) were complem e mat ches, A compflet e miatch occur, when all
1000 SQuASH outcoiiie> piedict thle observed field out conme. Thiirtv-.-ixI\ (3(-) of thle com parisons
resulted in complete iuj .muatchves: thatif -. S~u,-VSII inever )in its J000 replications . predicted the
conmponent I(a niage observed. The rein a ii g 2-1.3 (I 9CC) coipanisons w~ere broken down bY t Ii ra t and

David W. Wphlt. Tr fo for oio~t~ro-q o7f V lirb~i 1 ~dIo/~ I1)tiv RJesenrcli Laboratory Teri1aI Report
#3030. Anuiot 19,99



component into 34 statistical tests. The OP Test was applied to these groupings. Twenty-two (65%) of
these tests accepted the hypothesis that SQuASH predicted the component PK correctly. The
remaining 12 (35%) failed the test for consistency.

Combining the complete matches and those components subjected to the OP Test. we get a 90%
consistency in predicting individual component PKs for tile twenty-six components evaluated.

SQUASH had the most difficulty predicting damage to cables. The twenty-six components
evaluated above did not include cables. It is not surprising that SQuASH would have difficulty
predicting damage to cables since they have a very small presented area and the shotlines are infinitely
thin. An analysis of all components is needed to assess fully SQuASH's ability to predict component
damage.

7.3.2 Initial Ranking of Component Discrepancies: Table II summarizes the components having
three or more mismatched shots. i.e. where < 25% of the SQUASH outcomes predict the field result. It
was noted that crew members were four of the top five components having significant mismatches.
Investigation of the crew data revealed an incompatibility between the field data collected and the data
expected by SQuASH. As noted above (Section 2.), the SQuASH model performs a binning of all
components following a shot into crisp killi'no-kill states. However in the case of the LF personnel
data, the original assessments were based on the notion of continuous fractional incapacitation (0.0 <
LoF < 1.0). This incompatibility results in incomparable data for the individual crew components,
component damage states, and the Mobility-, Firepower- and Mobility/Firepower Loss-of-Function
measures of effectiveness.

Table II. Components Showing Three or More Mismatched Shots
of the Twenty-Six Components Investigated

Number of
Component Number of Complete

Mismatches Mismatches

Gunner 10 4
Gunner's Primary Sight 8 6
Driver 7 6
Commander 7 2
Loader 5 3
Main Hydraulic Pump 4 4
Hydraulic Reservoir 4 3
Main Gun 4 1

Turret Networks Box 3 0

7.3.3 Revised Individual Crew Data: In order to make comparisons on how well the SQUASH
model predicts crew incapacitation, we must first have comparable scoring between the model and the
field results. Since OQQuASH expects components to be either functional or nonfunctional after a shot,
we asked the organization responsible for personnel vulnerability to convert the fractional
incapacitations observed in the field into these categories. An assumption had been made originally
that if the loss of function was greater than zero the crew member was totally incapacitated (old bins).
The personnel vulnerability experts categorized fractional incapacitation greater than or equal to 0.75
as nonfunctional (new bins). Table Ill reports the agreement between SQuASH and the field data using
both the old bins and the new bins. Although the SQuASH model does agree more with the field data
in predicting crew incapacitation, we believe that there are other factors that need to be investigated

for all components.
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Table III. Improvement in Predicting Crew Based on Binary Field Data

OLD BINS" NEW BINSt RESULTS

54%c 59% Complete match

27% 29c Mtost likely outcome predicted by ,QiiASlI

10%c 9(1,; Not most probable outcome, not a rare
-----.-.--- event (probability > 0.05)

91% 98% Subtotal

3(-( 2% Rare event (probability , 0.05)

7%- 2%- Complete mismatch

9% 4% Subtotal

t If LoF 0.0, Outcome - Total Incapacitation

If LoF > 0.75, Outcome = Total Incapacitation

7.3.4 Component Damage States: On a given shot, damage of components is not independent.
Predicting individual component damage over a set of tests gives no indication of how well we predict
component damage state or loss of vehicle functions. All vulnerability measures derived from field tests
are a function of the component damage state of the vehicle since that is the field observable. Because
of the dependency, the distribution of component damage state must be derived through a Monte Carlo
process using SQuASH. The critical components were grouped by system categories (Crew, Major
Electrical, Armament, Propulsion and Other) because the vehicle-wide damage state distribution
in many cases was too large to compute even using the Cray-2. For each live-fire shot, a .Monte Carlo
process was invoked (1000 replications) using SQuASH. The results were used to derive the empirical
distributions for the (five) sub-system component-damage states. The field result from each test and
for each of the five system categories (48 X 5 - 240) was then compared with the empirical
distribution. If the probability of observing the field result within the empirical distribution was less
than 5%, the hypothesis that the SQuASH model correctly predicted the component damage state was
rejected. This procedure is detailed in the Modified Ordering of Probabilities Test. 8 Since SQuA',[ onIy
printed the 200 most. frequent damage states and occasionally the number of outcomes exceeded this
number, there were 14 caes where conclusions could not be drawn: 42 (19%) out of the 226
comparisons resulted in rejection. That is, SQuASH predicted component daiiage state con-istentlv
with the field results in 81% of the cases tested.

7.3.5 Revised Crew Component Damage States: The above analyses on component damage
states was based upon the old bins for the crew members. Rebinning ihe dat j using he 0.75
incapacitation criteria, we find that SQuA.-II improve at prelicting crew component d(Iin.ag ,' " , II
in Table IX. The per'entage of rare evens (probl)bility of "wcief < 0) ,''' fri i27" I,

18'( in predicting crew comlponent damage state over all 48 test.

8 David \V. \\A,. .1t lodtifi ation to tht Ordtr by Probabiity 10'/ Pro ,,d ,r. Ih li.tli c [Heenrcht I It)Ornlor\ 'i e'Ii c ikii
Report, To be Pubishpi.
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Table IV. Improvement in Predicting Crew Component Damage State

OLD BINS NEW BINSt OBSERVED FIELD OUTCOME

33%-( 35% Predicted on all 1000 SQuASH replications
(('omplete Match)

27% 31% Most likely outcome predicted by SQuASH

13% 15c Not most likely outcome, but not a rare
event (probability > 0.05)

73% 81% SUBTOTAL

4c 8% Rare event (probability < 0.05)

23%. 10% Never predicted in the 1000 SQuASH replications

27% 18% SUBTOTAL

If LoF > 0.0, Outcome - Total Incapacitation
If LoF > 0.75, Outcome = Total Incapacitation

7.3.0 Analysis of Loss-of-Function: M-, F- and M/F LoFs have not yet been analyzed using the
new binning for crew members. Analysis of LoF for the old bins confirmed the SQuASH predictions for
\lobility Kills in 41 (85%') of the 48 shots. The field results confirmed the SQUASH predictions for
Firepower Kills in 16 (33%) of the 48 shots. Because many different component damage states can map
into the same LoF. agreement here is not a sufficient condition to infer consistency of the SQUASH
predictions. This is a case where it is possible to get the right answers for the wrong reason. SQuASH
is a component-level model and if the component damage state predictions agree with the observed field
data it necessarily implies agreement of the LoF measures. That is, agreement of component damage
states is both a necessary and sufficient condition to validate the models. LoF analyses are summarized
here only to give a complete accounting of the usual vulnerability measures reported.

7.3.7 Secondary Kill Mechanisms: Traditionally, component-level vulnerability models, in the
main. calculate damage due only to the main penetrator and behind-armor debris (BAD). These
mechanisms are normally termed the priniary-kill mechanisms. There are well-known conditions under
which other phenomena such as blast, shock, etc. (often termed secondary-kill mechanisms) contribute
substantially to AFV dysfunction. Due to the time constraints for developing the SQUASH computer
rmodel and generating the Abrams pre-shot predictions, only the primary-kill phenomena were
niodeled.*

In the actual field results, the secondary-kill mechanisms, when observed, were nearly always (there
was but a single exception) accompanied by damage due to primary-kill mechanisms. This
observation, if borne out by future tests, indicates that. in the main. secondary-kill mechanisms, when
pre-;ent. tend to kill (redundantly) components already killed by the primary phenomena. Clearly.
future work is neded to weigh the true importance of secondaryv-kill phenoniena.

. i :wi, t:iv,. I.-n ,I in thf- SQUASH ,ode to "r:,juit otltr ,lanage pIvhnonin ; - n,-\v algorithins and ;,jpp.,,rting IJa:,

bop'0[1 availatde



8. SUMMARY

This sum miary revijews thle tw%%o manjor t lieni,. oft t, paper Fi rst. we give t 1w Itailed nat tire of the
modleling paradigmis it ilized iniSii~ and reqii ired of the L1F field a'ieitProedire- for
comparability to exist. Second, we summlarize our, efforts to compare sttsti ll odel and t -T' datal

8.1 Similitude of Abrams LF Modeling & Field Assessment:

In Sections 2.-4. we diSCU.,Sed the Construction of thle SQuA Il m lodlel. The chiief iiir, are- I
what const itult e, a critical coimponen t antd how miany stic li teil pro01pry Cli~rACtV-7 :ri1e an.\'2 bow
.should the decisiotn process be, construrted leading to Thle )Ost-hdot aset~itof Bernoulli kill no-kill
component states, and :1 wvlat is the proper.(.1 coihigirt ion of lie fauilt t ree, wit bin which thle critical
components reside?

Without st rict adherence to this p~art icular view of thle vuilnera bility world. the field-based
assessments cannot be compared properly with the model predictions. We make two related
observations: based onl the held ass essmient reports to date, we cannot ascert aml that indeed thlose
procedure., are comparable. WXe quickly add that we are not inferring that to asses s a .XFV in a mianner
inconsistent with our model is wrong, only inconlsistent!

It is worth noting thatr both the dlescription of the model hirocesses given in Sections 2.-4. and the
mianner in which the SQuA.';H computer model perfornis it' cal1culations are bottomn-up in fas;hion.
However, the way in which the Abramis field assessors p~erformed their invest igat ions was top-dowin in
manner. Following a shot, the assessors generally attempted to operate all major systems in order to
flag possible dysfunction. If abnormal function was observed. then further invest igat ions were
performed. This procedure could result in missing killed components for which redundant. (parallel)
backups existed.

8.2 Statistical Comparisons - Field & Simulation Data:

This paper reports our first cycle of comparing LF field and simulation data. The Live-Fire test-
result in mans' measures that can be analyzed to give insight, into the modeling process. Thle
investigation of modifications that should be made to 'SQuASH to improve its predictive capability are
complex. Where disagreements are observed in the measures of performance, many sources for the
variance exist and must be investigated systematically.

8.2.1 Perforation and Catastrophic Kill: All Live-Fire data hias been analyzed for perforation
and catastrophic kill. SQuASH predicted perforation consistently in greater than 05% of the field tests.
In every case SQuASH predicted as the most likely outcome the catastrophic kill result observed in the
field.

8.2.2 Individual Components: In this first set of comparisons. twvent)-six of the most important
critical components have been analyzed to evaluate SQuASH's ability to predict individual component
damrage. S-QuA.ShI predicted b~etter thain ~)%of the coniponent damnage correctly. Siili estiintioti
abilities are important to the Army studies supporting spare parts inventories and repair para nie'1ers .

Over all components SQUA.SH had the most diffhCUhty p~redicting damage to cables. IPossile catls(,,
include but are- not limit ed to geomlet iic Sa mpling problems related to thle ver 'y smlall presenitedl area,.
component P K H characterization, or lie fragment rlensi ties used for belinid-a rmor debris This
problem and its effect on thle comlponient (lanlage state and LoF measures are under itivestigat ionl.

Theailt-ilty to preFdict individual comiponienit damlage, althioiigi ncessary for agreeloetit betwei
miodel anid t-'t ouitcomet i, itifortuiiiot.lY 11(1 sitfficietnt lSsteIII- Wide (oiiloneifitdtng's e.
SU In n13iat7ed below, provide that. sii licieiicv.

8.2.3 Secondary Effects on Crew Members: Secotudary kill niiechatiiii (e,.g bl't. "hiock.
aporitics) as, iiiea-ui.' oil one of t lie. tiiOst critical and sensiltive of .- F\' conliponiient- CreW, do nt,)

appear significant. In nearly every case where seconidary kill plienontena 'ouild he' oh-erved. coflipolli011i
kilt hid already o--urr-d rta priary tuechiaiwiiss. it w\ould app),ar that thc cot iimniiio fo iiof

damnage characterization should remiain onl the primarY kill iicitits
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8.2.4 Component Damage State: This measure of performance is both the prime characterization
of post-shot damage from which the other measures of performance (e.g. Mobility LoF. Firepower LoF.
and \Mobility Firepower LoF) can be inferred as well as the most difficult to predict. The
dlimensionality of the damage vector can be very high. For conditions where the munition overmatches
tile armor, we infer typically between one million and 30 million discrete damage-state possibilities at a
given location. And yet an actual test gives us only a single field damage state for comparison with all
of these possibilities.

We also note that, given a consistent mapping of component damage state to the LoF measures,
agreement between the field and SQuASH component damage state is both nece.sary and sufficient to
test consistency of the SQuASH model predictions with the test data.

SQuASH currently predicts component damage state correctly in approximately 81% of the cases
tested. Considering the dimensionality of the problem and the fact that these were the first predictions
made using a newly developed stochastic model, 81% agreement is remarkable. Component damage
state is under further investigation for improvements to the SQuASH model.

8.2.5 Loss-of-Functions: The LoF measures have been analyzed for all the Live-Fire test results.
Although the LoF measures have not yet been analyzed using the new binning for crew incapacitation,
the expected improvement is unlikely to significantly change the overall result. Mobility LoF was
predicted consistently in 85% of the Live-Fire shots. Only 33% of the predictions for Firepower LoF
were consistent with the field data. The dimensionality of the Loss-of-Function space is twenty bins.
\lanv component damage states map into each LoF bin. Considering the dimensionality of this space,
we reject the hypothesis that SQuASH predicts Mobility or Firepower LoF consistent with the observed
Live-Fire data.

8.3 Current Status & Follow-on Effort.

On balance, considerable progress has been made in the analysis of the Abrams LF data. From this
initial analysis our predictive capability is good in some areas. In other instances, for example certain
individual component kills, it is clear that we have not done well, but that good, or at least better,
agreement can be achieved by modifying certain component PKs. In other areas of the analysis,
particularly in the vehicle damage states, we encounter both the damage characterization of greatest
importance and the greatest statistical complexity.

We will continue to study carefully the statistics of these damage states. Their number and
diversity taken together with the mapping process to various Loss-of-Function metrics lie at the heart
of the vulnerability assessment process and the use to which these related Measures-of-Effectiveness
(e.g. \1 LoFs. F LoFs) can be utilized dependably. The uses, of course, include the assessment of Live-
Fire tests, and the application of vulnerability data to wargames, lethality optimization, vulnerability
reduction, and spare-parts estimation.

9 For a discussion of siuffi'iencv eonditions for vulnerability model validation, see Michael W. Starks, .4sefs.-ing th -ccuracy of
I'ulnerahility Model., by ('omparion with 'ulnerability Ezperiment. Ballistic Research Laboratory Technical Report
#3018. J1ly 198)
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APPENDIX: SAMPLES OF OUTPUTS FROM SQuASH

Figure A-I gives a histogram showing the distribution of residual-penetrator overmatch. Thc
warhead is unspecified in order to keep these results unclassified. In general. these curves exhibit
complex shapes, sometimes with multi-modal distributions.

Behind Armor Penetration

100
Mean Penetration= 8.2

- -Std. Deviation= 4.9

C- 70-
:36GC_)

LC--

0 50-

0 40-

U 30-

a)

L:3 0-

1 12 11 112102224 28 30

Residual Penetration (in.)

Figure A-i. Histogram of Frequency of Occurrence vs. residual penetration. Because nine
different shot lines are used (typically encountering different armor types) together with
variable warhead performance, different levels of overmatch are derived.

This is a natural consequence of the randomness of the overmatch together with the grid ray data
derived over nine sample rays. Even though the rays are separated nominally by three inches, different
combinations of armor are often encountered. The difference in effective protection levels can lead to
significantly different residual magnitudes.

For one sample calculation over the course of 1000 code replications, some 60 critical components
were assessed to have been killed at least once. Table A-I lists these components. The remainder of the
figures and tables in this appendix were taken from Ref. 3.
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Table A-I. Listing of all components killed in at least one of 1000 replications of the
SQUASH vulnerability model. The columns give the component identification, the total
probability of kill, the probability of kill from the jet alone, and the probability of kill
from fragments alone, respectively.

Relative Frequency of Damage
Component

pal P, P,

commander 0.399 0.000 0.399
gunner 0.995 0.883 0.594
loader 0.301 0.000 0.301
cable lw 100-9 0.018 0.000 0.018
cable Iw101-9 0.011 0.000 0.011
cable 1w104 0.008 0.000 0.008
cable 1w104 0.137 0.00 0.137
cable 1wL00- main branch 0.008 0.00 0.008
cable lwL07-9 0.007 0.000 0.007
cable 1w108-9 to main gun 0.034 0.000 0.034
cable lw200-9 0.552 0.000 0.552
cable 1w201-0 0.011 0.000 0.011
cable Lw202-g main branch 0.017 0.000 0.017
cable 1w203-9 0 012 0.000 0.012
cable Lw208-0 0.309 0.000 0.300
cable 1w209-9 0.2183 0.000 0.210
cable 1w210- 0.337 0.000 0.337
cable 1w301 0.158 0.000 0.158
cable 1w304 0.039 0.000 0.039
cable Iw360 0.017 0.000 0.017
cable 1w309 0.070 0.000 0.070
cable tw310 0.027 0.000 0.027
cable 1w31l 0.008 0.000 0.008
cable 1w312 0.012 0.000 0.012
cable lw31S 0.033 0.000 0.035
cable Tw "0,- 0.044 0.000 0.044
cable 2w107-0 0.009 0.000 0.000
cable Tw 108 0.006 0.000 0.00
cable 2w112 0.002 0.000 0.002
cable 2wL54-2w155 0.012 0.000 0.012
hull distribution box 0.003 0.000 0.003
hull networks box 0.012 0.000 0.012
turret networks box 0.048 0.000 0.046
Sumer's primary sight 0.025 0.000 0.025
commander's gpe extension 0.107 0.000 0.107
thermal image control unis 0.208 0.000 0.20=
thermal rev'er 0.001 OO.00 0.001
intercom amplifier 0.024 0.000 0.024
guner's intercom control box 0.104 0.000 0.104
1oader's intercom control box 0.018 0.000 0.018
cable 2w117-9 0.003 0.000 0.003
h.llne au pump to filter mani 0.003 0.000 0.003
filter manifold 0.013 0.000 0.013
hinta ffiter manffold to HDM 0.018 0.00 0.018
haines filter manifold to 5DM 0.007 O.O0 0.007
Unmm TDM to azimuth srvo 0.003 0.000 0.003

hines TDM to aximuth wrvo 0.011 0.000 0.011
azimuth gearbox 0.004 0.000 0.004
manual azimuth gearbox 0.004 0.00 0.004
manual azimuth gearbox 0.008 OO00 0.008
manual elevation pump 0.M 0.000 0.015
manual elevation pump 0.005 0.000 0.005
gunner's control handle 0.016 0.000 0.016
commander's control handle 0.073 0.0O0 0.073
race ring 0.013 0.000 0.013
h.ine TDM to man elev pump cd 0.004 0.000 0.004
hbine check valve to HDM bypa 0.020 0.000 0.020
caial ready ammo box 0.052 0.000 0.052
azimuth gearbox - ewe 0.022 0.000 0.022
commander's vision block 3 0.003 0.000 0.003
commanders vision block #2 0.005 O.O0 0.005
commander's vision block #1 0.004 0.000 0.004
loader's sight 0.017 0.00 0.017

I ffine riht bow to manirold 0.001 0.000 0.001
P. - Total Damage due to all mechaisms
P- Damage due to jet
P; Damage due to fragments



The next two tables ,how how SQUASH output departs radically bey ond other point-btir-t models.

Here two classes of components are examined separately by category. This procedu re h:s been adopted
because of the great difliculty in interpreting the results of damage states across Ihe complete vehicle

Table A-I1 lists the category' of CREW. For this group. the calculated damii >t, Ifr,> apply to tle
personnel located in the turret-basket area. The damage states derived from the 1000 replications were
sorted together and then ranked from the most to the least likely in occurrence Tail, A-l -.hows that
the most likely crew casualty state is for the commandtr and loader not to be inapacitated and for the
gunner to be incapacitated. That outcome occurred -161 of the 1000 replications, for a net probability
of 46%. The next most likely crew casualty state is for the conimander and gunnwr to be in.apacitated

but not the loader. The likelihood of this outcorne is asse-sed at 24%. For thi', romionent ,tubset.
SQuASH predicted probable outcomes for only six of the eight possible combination- of 'onimander.

gunner. and loader.

Table A-I. Damage states from the SQuASH simulation for the subset CRE'. Open

squares (c) indicate no component kill. Bullets (o) indicate a component kill. The
component numbers correspond to the listing below the table. The relative probability of
each damage state is given in descending order of likelihood (column state). The
cumulat. e sum is given in the last column (sum).

Group: CREW
Damage States, sorted by likelihood

Damage States Relative

I Occurrence
Component Number state sum
1 2 3 _

o . 0 0.461 0.461
* * 0 0.237 0.698

• • 0.1932 0.890

[ 0 . 0.103 0.993
O1 0 0 0.005 0.998
* E] 0 0.002 1.000

o - component undamaged
* - component damaged

Number Component

I commander
2 gunner
3 loader

The component damage states for ARMAMENT, shown in Table A-Ill, reval the greatest

complexity in damage states. This is probably to be expected since nearly" half of all the critical
components killed during the 1000 replications wer part of this group. ks seen in otht, groupings, the

most likely damage state assessed for the 29 components in ARMAMENT i> no damage. this for 2"'
of the outcomes. The most likely -tate exhibiting damage occurred for five components (numbers 6,
10-12. 15) on 78 of the 1000 replications for a 7.8%(, probability. From here on. the 29 components are
involved in a slow convergence to the 99th percentile (sumn) at the 223rd damage statl

The final stages of calculation of vulnerability involve the various categories of kill First.
catastrophic kill represents the complete loss of the system, which generallyv occurs in encounter with

large-caliber ammunition (warhead and or propellant) or fuel. The probability of thi> Pvent is shown
in Fig. A-2c. For this particular shot. the probability of a catastrophic event i,. a...sed a s zero. Note
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that the histogram associated with KI( ill can be populated only in the first and last bin,. In other
words, catastrophic failure either occurs or it does not; the outcome is either zero or one.

The other kill categories are assessed by mapping each of the thousand damage states Via th,. l).
over to the appropriate M- and F-Kill values. The category labeled NI F (read M OR F). by long-
standing agreement with the TRADOC community, represents the larger of the two values. It i. not
the OR of the logical (Boolean) operation.

We examine the M-Kill plot in Fig. A-2a. Here we find the most likely outcome is for about 0 57
Mobility Loss-of-Function (M LoF), assessed at, about 30% probability. lowever the dist ribut ion is
extremely broad with approximately 18% of the outcomes near the 0.0 bin. The expected \1 LoF
outcome is 0.36: inspection of the histogram shows that. there are approximately 26%- of the outco||e,
near this value. However the distribution is broad, and there are a significant number of occurrences
away from the mean. The corresponding results for Firepower LoF are given in Fig. A-2b. In thts
histogram, the mean LoF occurs in a bin with a low population. There is also a significant probability
(--+ 18%) that the F LoF will be zero. The MF LoF histogram is given in Fig. A-2d. The \I F value.
by definition, is the larger of the M and F LoFs on a shot-by-shot basis. The F LoF tends to dominte

in this case.
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Figure A-2. Histogram-s of various kill caItegories derived from the SQUASH simulation.
The Mobility Kill Loss-of-Function (LOF) is shown in a), the Firepower Kill in b), the
Catastrophic Kill in c), and the Mobility/Firepower Kill in d). The means (expected
values) and stand-ard deviations are given for each plot, but are considered relatively

immaterial for these non-parametric (i.e. non-gaussian) statistics.
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